Background: Cities around the world face a great challenge in establishing a long-term strategy for the development of energy alternatives. Previous research tried to identify renewable energy across many different cities. Because each city has unique characteristics in terms of geographic and environmental conditions, population, economic development, and social and political environment, the most sustainable energy source for one city might be the least sustainable for another. Methods: This research develops and implements a systematic approach to assess renewable energy and identify the energy alternatives for a city using the analytic hierarchy process. The methodology integrates experts' input and data analytics and helps decision-makers form long-term strategies for renewable energy development. Results: The decision support system is applied to three cities, Chengdu in China, Eskisehir in Turkey, and Chicago in the United States of America. Results show that improving energy efficiency and development of solar and wind energy are the most preferred energy alternatives whereas nuclear and hydroelectric are the least preferred energy alternatives for these three cities. Conclusions: The results of this study are in line with decades of research and development in energy alternatives and show a clear direction for the future development of energy alternatives around the world. There are differences in the rankings of energy alternatives for different cities, indicating that it is necessary to apply the decision support system developed in this study to help form customized energy strategies for cities with unique characteristics.
Background
Motivation, challenges, and objective As energy demand increases over time in many places, countries around the world and local governments diversify investment in a variety of energy sources to meet the demand [1] . Fossil fuels such as oil and natural gas are reliable energy sources, but are not sustainable and cause significant and irreversible damage to the environment in the long term in addition to their immediate damage such as fine dust emissions due to burning oil and mercury emissions caused by coal combustion. Renewable energy alternatives such as solar and wind are widely available and may be explored to meet part of the demand. In addition, improving the energy efficiency of existing applications is a cost-effective way to help meet the demand without significant increase in energy production [2] .
Development of energy alternatives to fossil fuels faces a number of challenges [3] . First, several alternatives such as nuclear, biomass, solar, wind, and hydroelectric are available. A municipality has limited resources and cannot invest in all alternatives simultaneously and equally [1] . It is difficult to predict which energy alternatives will be most beneficial in the long term and determine which alternatives should be invested and the amount of investment. Secondly, the development of energy alternatives depends on many factors such as geographic conditions, population, societal needs, and politics. An energy alternative that is well suited for one city may be the worst choice for another city. Thirdly, there are many criteria such as cost and security that dictate the selection of energy alternatives. Which criteria should be included in the decision process for comparing energy alternatives and how to weigh different criteria need to be analyzed.
This study applies the analytic hierarchy process (AHP) and develops a systematic approach and a decision support system to assess energy alternatives and help municipalities select the most suitable alternatives. The methodology is implemented to analyze energy alternatives for three cities representing Asia, Europe, and North America. Results show that the energy alternatives chosen by the decision support system are reasonable and well justified. The AHP may be used to assess energy alternatives for other cities by computing total scores and rankings of alternatives using expert input. The methodology developed in this study may be adapted to general multi-criteria decision-making problems involving expert input.
Literature review
Renewable energy has become an inseparable part of sustainable economic development, and numerous studies were conducted to determine the investment strategies in renewable energy. Lee and Zhong [3] presented a study on developing a holistic strategy for renewable energy investment, which includes three steps of analyzing (a) economics and renewable energy policies, (b) renewable energy fields that exhibit more attractive investment opportunities, and (c) most promising renewable energy technologies for prospective investors. Aguilar and Cai [4] investigated the likelihood of opportunities for renewable energy private investments in the USA. The analysis showed that solar and wind energy was ranked at the top while grass and wood-based energy alternatives were at the bottom of the alternatives list.
Outside of the USA, Zhang et al. [5] studied a real options model for solar energy investment in China. The model investigated uncertain factors, including non-renewable energy cost, the market price of electricity, and CO 2 costs, and evaluated the investment value and optimum timing for solar farm applications in China. It was found that increased level of subsidy, stabilized market, and promoting technological developments were major factors in leveraging investment. Simsek and Simsek [6] investigated the incentives for renewable energy in Turkey. It was stated that the deregulation of the electricity market and improved renewable energy legislations had encouraged growth in renewable energy investment and projects within the past few years. Kılkış [7, 8] developed a composite index to evaluate energy and environment systems in Mediterranean and Southeast European cities. Mattiussi et al. [9] developed a multi-objective optimization model and used the AHP to choose the most sustainable energy supply in Australia.
Romero et al. [10] studied the European Union (EU) plans for renewable energy. The research suggested that the recent success in the increase in renewable energy investment and installations was due to the public financial incentives. Spain was selected as a case study. Renewable options including wind, solar-thermal, photovoltaic, and biomass were studied. Financial support systems in Spain were also identified in the study. Another study on the European side was conducted by Bulavskaya and Reynès [11] . This study focused on macroeconomics and job creation potential of renewable energy technologies in the Netherlands. It was predicted that 0.85% of gross domestic product (GDP) would come from renewable energy applications by 2030. It was also estimated that 50,000 new full-time jobs would become available by then.
The research was conducted previously to compare and select renewable energy. Many municipalities, especially medium to large-size cities, however, face the challenge of how to identify the most suitable energy sources that are sustainable and cost-effective. There is a gap between the state-of-the-art research in renewable energy and how to customize the research outcome for the development and implementation of renewable energy in cities around the world. Complex decisions about renewable energy often involve intangible and implicit information, which may be quantified using tangible and explicit values to help make informed decisions [12] . The AHP is a measurement technique that performs pairwise comparisons of decision criteria and rank decision alternatives using expert knowledge. The AHP identifies inconsistencies in experts' input through consistency check; inconsistent expert input is excluded from analysis of the decision problem to ensure the validity of expert knowledge. In addition to inconsistencies, scaling of experts' assessment of decision alternatives for different criteria affects decision-making and its outcome [13] . The AHP enables experts to adjust their assessment through a reaffirmation process and finetune their assessment for unbiased decision-making.
Since the AHP was first developed in 1980s, it has been applied to many applications for decision-making [14] . Several studies focused on using the AHP for the planning of renewable and sustainable energy (e.g., [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] ). In the context of renewable energy, various studies targeted specific energy sources. For example, Sindhu et al. [25] prioritized challenges in the growth of solar energy in India using the AHP. Uyan [26] used the AHP to select solar farm sites in Turkey. Papalexandrou et al. [27] used the AHP to compare biofuels and fossil fuels and determine which types of biofuel should be chosen. Okello et al. [28] used the AHP to evaluate bioenergy alternatives in Uganda. Choudhary and Shankar [29] discussed how the AHP could be used to select thermal power plant locations in India.
In addition to planning of renewable energy and selection of specific renewable energy sources, the AHP was widely used in energy applications and beyond. For example, several studies focused on green supply chains and used the AHP to help select suppliers [30] , seaports [31] , and green electricity [32] . Other studies used the AHP to select wind observation station locations [33] , allocate energy research and development resources [34] , and compare water heating systems [35] . While there has been substantial research on renewable energy planning and energy source selection using the AHP, few studies combined these two directions and applied them to various geographical regions to determine the long-term energy strategies in these regions. Municipalities have unique characteristics, including natural resources, environmental conditions, population, industry activities, politics, and others, and experience different short-term and long-term trends of how these characteristics might evolve. The planning of energy production involves several actors (e.g., policy-makers and service providers) at different scales (e.g., local, regional, and national). A systematic approach is needed to enable a municipality to design a strategy for effectively and efficiently exploring energy alternatives.
The novelty of this article is twofold. First, this study integrates energy planning and energy source selection. Previous research focused on either the planning of a specific energy source such as wind or solar, or the selection of energy sources. This article integrates both and develops a systematic approach for long-term energy planning and selection of sustainable energy sources. Secondly, this study applies the AHP to help energy planning and selection of renewable energy for specific cities based on their unique characteristics. Previous research developed general methodologies for energy planning or selection of energy sources; these methodologies were not customized for municipalities and recommendations were often disconnected from realities.
Methodology
Many methods and multi-criteria decision-making approaches such as the AHP, analytic network process (ANP), and technique for order preference by similarity to ideal solution (TOPSIS), VIseKriterijumska Optimizacija I Kompromisno Resenje (VIKOR), and ELimination Et Choix Traduisant la REalité (ELECTRE) were developed to rank alternatives. The main contribution of this study is a systematic approach embedded in a decision support system that uses the AHP to rank different energy alternatives according to multiple criteria and determines the appropriate energy alternatives for a particular city. Decision-makers and stakeholders may use the outcome of the decision support system developed in this study to make informed decisions about the investment and implementation of energy alternatives for a city. Two sets of data, including weights for the assessment criteria and performance scores of energy alternatives for criteria, are collected, normalized, and analyzed in this study. Weights for criteria are determined through a survey of experts across multiple disciplines and performance scores are obtained through in-depth face-to-face interviews with energy domain experts who have intimate knowledge about cities of interest [12, 13] .
This study answers a key research question "Which energy alternatives are the most suitable for a city given its location, recourses, population, political environment, and other factors?" The two main steps of this study are to determine (a) weights of criteria for the assessment of energy alternatives, and (b) performance scores of energy alternatives for each criterion and a city of interest. Previous research investigated several aspects in the assessment of renewable energy, including environmental concerns [18] , incentives [6] , investment strategies [3] [4] [5] , jobs and economic development [11] , and research development [34] . These perspectives may be grouped into five main criteria (Table 1) . These five criteria correspond to four categories, including economy, technology, environment, and society, which were used to assess renewable energy in multi-criteria decision-making in the literature [36] .
The four categories in Table 1 , economy, technology, environment, and society, are the main categories that shape the strategical decisions of renewable energy deployment in cities [36] . The five assessment criteria in Table 1 are extracted from literature [3-7, 11, 18, 34 ] and belong to one or more of the four categories. Table 1 shows the mapping between the five assessment criteria and four assessment categories.
After the five criteria for the assessment of energy alternatives are identified based on literature review, the next step is to determine weights for each criterion using the AHP. The AHP obtains experts' input through pairwise comparisons of criteria and examines the consistency of comparisons provided by each expert. Consistent input from multiple experts are compiled and used to calculate the weights of criteria. These criteria are then used to assess energy alternatives for a particular city. For each criterion, an expert is presented with multiple energy alternatives and the expert provides a performance score for each alternative for the criterion. The seven energy alternatives assessed in this study are efficiency, solar, wind, geothermal, biomass, nuclear, and hydroelectric. The first alternative, efficiency, indicates that investment may be made to improve energy efficiency of existing energy applications, and this is an investment alternative to other renewable energy. It is important to note that these seven energy alternatives are not mutually exclusive. One or more alternatives may be selected for a particular city depending on available resources. Table 2 summarizes the five criteria and seven alternatives. The expert's assessment of an alternative for a criterion is a performance score to be recorded in the cell at the intersection of the criterion and alternative in Table 2 .
Two criteria, cost and maximum capacity, are measurable and have units whereas the other three, environmental impact, job creation, and security, are a combination of tangible and intangible factors and are difficult to measure. The AHP solicits experts' assessment of the performance of energy alternatives for each criterion using a scale of 0-10 ( Table 3) . Suppose an expert is asked to assess the performance of energy alternative X for criterion Y in city Z, the expert answers the question "What would be the performance of X for Y if X is used in Z?" and assigns a score between 0 and 10. A higher score indicates that X performs relatively well in terms of Y if X is used in Z, and a lower score indicates that X might not be a good choice for Z in terms of Y.
Two surveys (questionnaires) are developed using the AHP [12, 37] to obtain experts' assessment. The first survey is used to determine the weights for the five criteria through pairwise comparisons. The survey is sent to multiple experts in the fields of renewable energy and energy applications. Responses from a large number of experts help remove or reduce bias in survey results. The second survey is used to obtain performance scores for different energy alternatives. This survey is completed through interviews with experts who not only are knowledgeable about renewable energy but also have a deep understanding of geographic, social, and environmental characteristics of a particular city. Several interviews may be conducted with the same expert to fine-tune the expert's assessment and confirm the performance scores. Similar to the first survey, it is also desirable to obtain responses from multiple experts for the second survey. Because the second survey does not involve pairwise comparisons and there are fewer experts who are both knowledgeable about renewable energy and characteristics of a city, one expert for each city is interviewed to complete the second survey. Figure 1 shows the underlying hierarchical structure of two surveys whose results are used to rank and select renewable energy sources. The ranking of renewable energy may be conducted using a variety of methods such as the TOPSIS and data envelopment analysis (DEA), but the AHP is the most appropriate method for the analysis of problems with hierarchical structures similar to that in Fig. 1 . In addition, the AHP performs better than other methods in obtaining experts' response and check the consistency of each expert's response. The AHP may be applied to problems with 7 ± 2 factors [38] . This study uses five assessment criteria and the AHP is well suited for the analysis of renewable energy in this study.
Applications of AHP to Chengdu, Eskisehir, and Chicago
Three cities from Asia, Europe, and North America are selected to assess their energy alternatives using the AHP and help these cities develop long-term strategies for the applications of renewable energy. In Asia, Chengdu, a major city located in Western China with a population over 7.8 million, is selected to apply the AHP to assess renewable energy. Chengdu is close to (about 20 miles) the longest river, Yangtze River, in China. This provides Chengdu with great potential of hydroelectric and nuclear energy. The majority of Chengdu's electricity supply comes from coal. Chengdu does not have any nuclear power plants. One reason to choose China is that China has had nuclear power plants for several decades and has a strategic plan and the technology know-how to build more nuclear power plants.
In Europe, Eskisehir, located in the northwest of Turkey and interconnecting Ankara and other major cities, is selected because Turkey is a fast-developing country with ever-increasing energy demand and Eskisehir in particular faces the challenge of energy shortage. Eskisehir has a great potential of developing solar, wind, and biomass energy and serves as an energy distribution center for the surrounding region [39] . In addition, low population density and increasing government support make Eskisehir an ideal city for this study. In North America, Chicago, one of the largest and densely populated cities in the USA, is selected for this study. Chicago is located on the shores of Lake Michigan and close to several rivers. The State of Illinois where Chicago is located has a high-level of agricultural activities [40] . Chicago is in need of additional energy and has a great potential for developing nuclear, wind, and biomass energy. In 2011, 56% of Chicago's energy needs were met by fossil fuels such as coal and natural gas [41] . Figure 2 describes the steps in the AHP process applied in this study. The two questionnaires are The two questionnaires are prepared to obtain weights of the five assessment criteria and performance of renewable energy for each assessment criterion. The first questionnaire is developed according to the AHP methodology with pairwise comparisons (Appendix 1). The second questionnaire is used to obtain experts' assessment of renewable energy for each criterion. The normalization step in Fig. 2 guarantees that the summation of performance scores of any energy alternative is one. The second questionnaire must be carefully administered to experts with substantial knowledge about a city and its renewable energy sources in terms of their cost, capacity, environmental impact, job creation, and security. One expert is identified to complete the second questionnaire for each city. The second questionnaire is administered to the expert repeatedly and the expert's response is fine-tuned several times to achieve high accuracy and consistency.
Results
Experts surveyed in this study are from diverse fields. Questionnaire 1 was sent to 110 experts and 38 of them have provided feedback. Figure 3 summarizes areas of expertise of the 38 experts. Each expert's response is analyzed using the AHP consistency test [13] . Among the 38 experts, 23 experts have provided responses that are consistent in terms of pairwise comparisons of criteria in Questionnaire 1. In other words, 61% of responses are consistent; this percentage is lower than expected.
One reason for the low consistency rate is the number of criteria. This study investigates five assessment criteria, which require 10 pairwise comparisons. Experts may be prone to inadvertent mistakes in performing a large number of pairwise comparisons. Another reason for the low consistency rate is that Questionnaire 1 is completed by experts online. There is no real-time interaction that can further explain the questions in the questionnaire and guide the expert through the survey. Appendix 3 summarizes experts' responses to Questionnaire 1. The geometric means of the responses from the 23 experts are calculated and normalized (Table 4 ). Weights in Table 4 together with performance scores obtained from Questionnaire 2 are used to calculate an overall score for each energy alternative for a particular city. Weights in Table 4 are independent of geographical locations or municipalities whereas experts' assessment in response to Questionnaire 2 is for a particular location or municipality. To calculate the independent weight for a criterion, every expert's response to a question "Which one of the two criteria is more important than the other, and at what level?" is given a scale between "1" and "9" (Table 5 ). For example, if criterion X is more important than criterion Y and it has strong importance, then criterion X has a scale of "5" (Table 5) and criterion Y has a scale of " 1 5 ," which is the reciprocal of "5." Responses from multiple experts for each criterion are then aggregated to calculate the geometric mean, which is then normalized to compute the weight for the criterion. Questionnaire 2 is completed by three experts each of which is an expert for one of the three cities selected for this study, Chengdu, Eskisehir, and Chicago. Experts' responses to Questionnaire 2 are obtained through face-to-face interviews. At the beginning of an interview, the expert receives a detailed briefing on questions and the meaning of scores in Questionnaire 2. During the interview, the expert provides a score for each energy alternative and criterion. Scores are between 0 and 10 ( Table 3 in the "Results" section). After the expert completes all questions in Questionnaire 2, the expert is shown the completed response and is asked to complete all questions again to allow the expert to confirm and fine-tune the response. Table 6 summarizes the results of Questionnaire 2 after responses from all three experts are collected and normalized. In Table 6 , "C" represents cost, "MC" represents maximum capacity, "EI" represents environmental impact, "JC" represents job creation, and "S" represents security. Results in Tables 4  and 6 are then aggregated through matrix multiplications to calculate a weighted total performance score for each energy alternative and city (Table 7) .
Discussion
For each city in Table 7 , the sum of scores for different energy alternatives in a column is 1. Solar energy is ranked at the top for Chengdu, which has a moderate amount of sunshine. The cost of developing solar energy (e.g., solar panels) in China is low because of China's strong manufacturing and relatively low labor cost. Although solar energy does have negative environmental impact (e.g., pollution in the process of producing solar panels), this impact is considerably smaller compared to other energy alternatives. Nuclear energy is ranked the last for Chengdu. Although China has been building nuclear power plants for decades and has a long-term plan to build more, it does not have any nuclear power plant in West China where Chengdu is located.
China has significantly slowed down the pace of building new nuclear power plants and has been more and more focused on developing renewable energy alternatives in recent years. Although one of the main energy sources for Eskisehir is geothermal energy, it is ranked the fifth among all energy alternatives by the experts. There are several reasons why geothermal energy is ranked low. First, the development of additional geothermal plants is costly. Secondly, due to a large number of geothermal facilities already in Eskisehir, their collective capacity has almost reached the maximum. Thirdly, the expert is familiar with Eskisehir and concludes that geothermal energy causes significant damage to the environment. In addition to geothermal, nuclear energy is not acceptable ("0" total score in Table 7) for Eskisehir due to water shortage and technical challenges of building nuclear power plants. The top three energy alternatives for Eskisehir are improving efficiency, solar, and wind. Eskisehir is a large city in Turkey. Similar to Chicago discussed next, energy efficiency is extremely beneficial for large cities.
For Chicago, energy efficiency is ranked the first with the highest score 0.201 among all energy alternatives. Chicago is one of the largest cities in the USA and is expected to have a great potential for improving energy efficiency. Nuclear and hydroelectric energy rank close to the bottom because both require a large investment ("0" in Table 6 for cost), negatively impact the environment (low scores in Table 6 ), and are much less secure (low scores in Table 6 ) than other energy alternatives. The scores and rankings for Chicago are consistent with results from many studies on renewable energy. Table 4 clearly shows that environmental impact (weight is 0.23) and security (weight is 0.15) are the two most important criteria for the assessment of energy alternatives. As climate change and environment concerns become the forefront of energy strategy and many other long-lasting economic development decisions, there is a consensus that the quality of life and sustainable development are more important than short-term economic gains. Energy alternatives that have less negative impact on environment and are more secure dominate other alternatives for long-term investment ( Table 7) .
The total scores and rankings of energy alternatives are computed using the AHP and experts' response to Questionnaires 1 and 2. The cores and It is expected that the total scores and rankings may change slightly if the number of experts varies or a different group of experts is surveyed. The methodology developed in this research provides detailed and well-justified rankings of different energy alternatives for a particular city based on experts' input and a systematic AHP. This methodology helps decision-makers form long-term energy strategies. Decision-makers may use the outcome of this decision support system as a starting point and take into consideration other factors such as budget, collaboration with adjacent municipalities, and stakeholders' common interest to adjust the priority of energy alternatives.
Conclusions and future research
This study develops and implements a systematic approach embedded in a decision support system to assess energy alternatives using the AHP. The methodology integrates expert knowledge and data analytics, and the output of the decision support system provides scores and rankings for a variety of energy technologies, which create a pathway and enable decision-makers to form long-term energy investment strategies for municipalities. The methodology and its implementation in this study may be expanded and adapted for other complex decisions that involve expert input and detailed analysis. Based on the analyses of the three cities in this study, Chengdu, Eskisehir, and Chicago, improving energy efficiency and development of solar and wind energy are the three most preferred energy alternatives whereas nuclear and hydroelectric are the least preferred energy alternatives. This result is in line with decades of research and development in energy alternatives and shows a clear direction for the future development of energy alternatives around the world. There are differences in the rankings of energy alternatives for different cities, indicating that it is necessary to apply the decision support system developed in this study to help form customized energy strategies for cities with unique characteristics. Future research may focus on implementing the methodology to adjacent cities and generate a map for renewable energy investment, which can be used to coordinate the development of energy alternatives for a large region. In addition, the number of experts and the disciplines from which experts are selected, and the questions in the questionnaires, may be adjusted to further reduce potential bias. Fuzzy AHP and other methods may be used to model the uncertainty in experts' assessment of energy alternatives. Last but not least, the outcome of this study comprises of scores and rankings of energy alternatives, which may be input to a mathematical model that can be solved with additional constraints such as total budget to find the optimal investment strategy. 
